NO/CO mixtures in helium. From these studies, the following points have been concluded:
(1) The total amount of CO and N 2 evolved following reaction in NO increases with reaction temperature. The TPD spectra are skewed to high temperatures, indicating more stable surface complexes with high desorption activation energies.
(2) The total amount of CO evolved following exposure of the char sample to CO at reaction temperatures decreases with reaction temperature, similar to chemisorption behavior. The CO TPD spectra are shifted to lower temperatures, indicating more labile oxygen surface complexes with lower desorption activation energies.
(3) The total amount of CO evolved following reaction in NO/CO mixtures decreases with reaction temperature, while the evolved N 2 still increases with reaction temperature. The CO TPD spectra appear more similar to those obtained following exposure to pure CO, while the N 2 TPD spectra are more similar to those obtained followed reaction in just CO.
Based on the preceding observations, a simple mechanism was formulated whereby two different types of surface complexes are formed by NO and CO; the former are more stable, and the latter more labile. This produces two parallel routes for the NO-carbon reaction: (a) the C(O) complexes formed directly by NO desorb as CO; and (b) The C(CO) complexes formed by CO, react with NO to produce CO 2 . This mechanism is consistent with most of what is known about the NO/CO-carbon reaction system. During the next reporting period the packed bed reactor system will be used investigate the NO and NO/CO reactions systems over potassium-promoted resin char samples. These studies will include steady-state reaction rate measurements, as well as temperature programmed desorption studies.
PROJECT BACKGROUND AND DESCRIPTION
The reduction of NO over promoted carbon supports offers potentially significant advantages over all currently known methods. Under proper conditions, these systems exhibit high activity with minimal loss of the carbon support. Moreover, they can be effective at very low temperatures, including the range compatible with post-economizer sections of utility boilers (350-450°C). However, the fundamental mechanisms of these catalytic systems are still not sufficiently well known to enable the design of an optimal process which exhibits all the desired characteristics. Here it is proposed to focus on a few selected issues of importance in order to improve the current understanding and develop the means to design such systems. Two approaches in particular appear to be particularly attractive and, consequently, will guide the work proposed here: (1) a "two-stage" process involving the quantitative reduction of NO to N 2 O, employing K-promoted or Ni-/Co-La 2 O 3 -Pt-promoted activated carbon, followed by a second step reducing N 2 O to N 2 and O 2 ; and (2) reduction of NO to N 2 and CO 2 with the same catalytic systems in the presence of the gas phase reducing agents, H 2 and CO.
The current project is directed at an investigation of catalytic NO x reduction mechanisms on coal-derived, activated carbon supports at low temperatures. Promoted carbon systems offer some potentially significant advantages for heterogeneous NO x reduction. These include: low cost; high activity at low temperatures, which minimizes carbon loss; oxygen resistance; and a support material which can be engineered with respect to porosity, transport and catalyst dispersion characteristics.
The investigation will concentrate primarily on promising promoter systems like - In order to develop and optimize these approaches, however, the fundamental mechanisms responsible for NO x reduction in these catalytic systems must be better understood and quantified. This is the principal objective of the current proposal. Temperature programmed reaction (TPR), and post-reaction/chemisorption temperature programmed desorption (TPD) methods will be used to investigate the mechanisms of NO x reduction on the selected catalytic systems. These methods will be used to probe the important effects of catalyst formulation and loading, carbon porosity structure, NO concentration, the presence of oxygen, water vapor, and N 2 O, and total system pressure on heterogeneous NO x reduction in these catalytic systems.
The experimental systems used for these studies include a TGA/TPD-MS system and a packed bed reactor/gas flow system to conduct isothermal, steady-state reactivity studies. A schematic of the packed bed reactor/gas flow system that was developed for performing reactivity measurements is presented in Figure 1 . A Kin-Tek gas calibration/mixing system was employed for varying NO and CO concentrations in the feed gas to the packed bed. A NO/NO x chemiluminescence analyzer (ThermoElectron, Model 12A) and a quadrupole mass spectrometer (Ametek MA 100 MF), pumped by a Varian V250 turbomolecular pump, were used for gas composition analyzes. 
2.1-2. Char Samples.
Phenol formaldehyde resin char, produced from the same batch of synthesized resin was used for the current work. Phenol formaldehyde resins have structural features similar to some of those in coals. The chars produced from these resins behave somewhat like chars produced from low rank coals. However, these chars contain considerably lower levels of catalytic impurities, which can be controlled via the preparation technique 5 .
The polymer resin was prepared in our laboratory according to the procedure developed by Wójtowicz 6 . Following synthesis, the resin was ground in a mortar and pestle and sieved to mesh sizes +35/-20, corresponding to particle sizes of 420 -840 µm. The polymer raw resin was pyrolyzed in a tube furnace at 1273 K for 2 hours in flowing ultrahigh purity helium. The resultant particle size range was reduced to 250 -360 µm as a result of this procedure. Since the surface area of phenol formaldehyde resin char develops rapidly with burn-off at low burnoffs 7, 8, 9, 10 , it was decided to activate the char to some extent before the experiments.
Consequently, the sample was burned-off in a tube furnace in the presence of air to 5% mass loss. The specific surface area was determined in an Autosorb MP-1 by N 2 adsorption (BET method) to be 270 m 2 /g. Initially, the char exhibits a very sharp distribution of micropores with a mean located at 7Å.
2.1-3. Experimental Procedures.
For a typical reactivity run, samples were outgassed for 2 hours at 1223K in flowing helium to remove residual surface complexes. The samples were cooled in the helium flow to 400K and then heated at 20 K/min to the desired reaction temperature. The gas flow was then switched to the reaction mixture. The sample was allowed to react for 1 -3 hours, depending on the reactant gas mixture and temperature, in order to attain a pseudo-steady-state reaction rate.
During reaction, the chemiluminescence analyzer and mass spectrometer were used to periodically take measurements of the gas composition.
The chemiluminescence analyzer was calibrated with a commercially prepared and certified gas mixture of 475 ppm NO in helium, purchased from Med-Tech Gases.
He/NO mixtures were prepared by using a KIN-TEK apparatus capable of mixing gases up to 500 ppm in a carrier gas flow. A total flow rate of 100 sccm was used in the reactions. He/CO mixtures were prepared in a mixing tank according to partial pressure measurements.
Blank runs were performed with just the quartz tube and the quartz wool to ascertain the relative importance of NO reduction on the quartz surfaces of the apparatus. The NO-carbon reaction has been previously shown to be catalyzed by both char and quartz under certain conditions 11 . However, Johnsson et al. 12 observed that reaction conditions play a key role in the relative importance of the char-catalyzed reaction in comparison to the quartz-catalyzed reaction.
It should be noted that in these latter experiments the CO concentrations used were between 2500 ppm and 3%, whereas in the current work the CO concentrations were between 50 and 500 ppm. A blank experiment was performed with 475 ppm NO in helium, and another with a NO/CO/He (475 ppm NO/500 ppm CO) mixture. Neither of these runs resulted in any observable reduction of NO, as determined with the chemiluminescence analyzer. It was, therefore, concluded that for the concentrations of gases used in the current study, quartzcatalyzed reduction of NO did not play a significant role.
At the end of the reaction run, the gas flow was switched back to pure helium, and the sample was allowed to quench rapidly by shutting off the furnace power and laterally moving the furnace off the packed bed such that the sample zone was instantaneously exposed to ambient A few different approaches were examined for the absolute calibration of the raw mass spectrometer data. The one that was ultimately used and appeared to be the most consistent was based on the known stoichiometry for the steady-state NO-carbon reaction. The procedure was as follows. First the cracking ratios for nitrogen (m/e 14 and 28) and carbon dioxide (m/e 28 and 44) were determined with pure calibration gases. These data were used to correct the raw signals to signals for N 2 , CO and CO 2 . The relative sensitivity factor between CO and CO 2 was determined using a mixture of 46.6% CO and 53.4% CO 2 . The nitrogen and oxygen atomic balances were then used to determine the absolute calibrations for the three gases of interest. The nitrogen and oxygen balances are represented as follows:
This procedure was performed for each run, and the resulting calibrations were then applied to the temperature programmed desorption (TPD) data.
Results

2.2-1. Temperature Programmed Desorption (TPD) Studies.
2.2-1.1. Background. Temperature programmed desorption (TPD) methods are often used to gather mechanistic clues concerning heterogeneous, gas-solid reaction systems. In the case of the carbon reactivity studies, they have been largely employed to study oxygen surface groups on carbons from CO and CO 2 evolution profiles. TPD spectra, however, are often convoluted by a number of factors such as large numbers of surface species, mass transfer effects, and secondary reactions. These factors can and often influence the CO and CO 2 profiles 13 .
In the case of NO-carbon reactions, CO and CO 2 Chan et al. 15 proposed a somewhat different mechanism:
In comparison to the previous mechanism, this one allows for the direct desorption of CO
, which is independent of NO. The surface-assisted surface oxide desorption in [R3] is also not included. Chan et al. 15 did note the shortcoming of their model in terms of failing to correctly predict an apparent first-order of the reaction rate with respect to NO partial pressure.
Somewhat more recently in our own laboratory, Teng et al. 15 proposed the following reaction mechanism for the NO-carbon reaction system: the relatively slow desorption of gaseous products. These reactions were thought to be governed by a distribution of activation energies. In this model, the stoichiometry of the active sites is unknown, hence the letter symbols used as the stoichiometric coefficients. It should be noted that this model is thought to apply for relatively pure carbons since no account was taken of catalytic pathways.
Yet another mechanistic step has been proposed more recently by Chambrion et al. 16 .
These authors postulate that the N 2 formation reaction involves one nitrogen atom from gas phase NO and the other from the surface via:
While this makes the proposed mechanism even more complex, it appears to have some merit. Functionalities in which surface nitrogen can be found include pyridinic, pyrrolic, quaternary and oxidized nitrogen functionalities 17 . However, it was shown by Chambrion et al. These mechanisms form the framework against which the TPD results were compared.
2.2-1.2. Experimental Procedure and General Findings.
Pseudo-steady-state NO reduction was achieved on the order of 1 -3 hours, depending on reaction conditions. The usual procedure for sample preparation in a fixed bed reactor for thermal desorption, is to quench the reaction by switching the gas flow from reactant gases to an inert gas, turn off the furnace, and allow the sample to cool in the inert gas flow. This is followed by thermal desorption at a constant heating in the carrier gas.
It is known, however, that some desorbable species may be lost from the surface in the inert gas flow while the sample remains relatively hot 20 . Consequently, a smaller furnace was constructed to allow for more rapid cooling. In addition, the furnace was designed such that it could be moved off of the packed bed sample when the gas flows were switched, thereby allowing it to cool to room temperature much more rapidly at the rate of ~30K/min.
The major species detected in the gas phase were (in order of decreasing abundance) CO, N 2 , and CO 2 ; N 2 O was never detected, although attempts were made to do so.
2.2-2. TPD Results Following Exposure to CO.
In the previous report, CO TPD spectra following steady-state reaction in NO were presented. These are reproduced here for the sake of convenience in Figures 2-4 . CO TPD spectra following exposure of resin char samples in the packed bed to 50 ppm CO at different temperatures are presented in Figure 5 . Comparing these latter results to the TPD spectra in Figures 2-4 , it is quite apparent that the behavior of the CO evolution following exposure to just CO is quite different. First of all, the latter spectra are all markedly peaked at lower temperatures in the 1100°C -1150°C range, and the total CO evolution generally decreases with increasing exposure temperature. This is consistent with exothermic chemisorption of CO surface complexes, perhaps as carbonyl groups, where the equilibrium constant for adsorbed CO decreases with increasing temperature.
It appears that CO favors the formation of considerably more low temperature (i.e., more labile) complexes than during reaction in NO. The population of these types of CO complexes on the surface during reaction with NO may be relatively insensitive to the CO concentration in the gas phase, at least in the partial pressure range investigated here. It has been noted 12,21 that under these conditions, the NO/CO reaction appears to exhibit close to zeroth order behavior with respect to CO. These observations are consistent with a mechanism whereby NO adsorbs on the surface and is then oxidized by a somewhat more labile CO complex than appears to predominate under conditions where there is only NO in the feed gas.
2.2-3. TPD Results Following Reaction in NO/CO Mixtures.
As shown in the previous report, the presence of additional CO in the feed gas generally increases the reaction rate by a factor of 2-3. This is due to the generally acknowledged catalytic 
The other involves a coupling of the reactions through a "stripping" or Eley-Rideal-type reaction:
where the C(O) represents a surface oxide and the C* is a free active site. However, in a recent study 21 , it was concluded that [R20] could not be invoked in its usual form to explain the enhancement of the NO reduction rate by CO, since the reaction was found to be zero order with respect to CO up to 500 ppm. It was also found that the reaction was first order with respect to NO at high temperatures and at NO concentrations greater than 100 ppm.
As shown in the CO TPD plots presented in Figures 6-9 , the results are considerably different from the results obtained in the absence of additional CO. For example, the behavior of the CO evolution patterns are more similar to the TPD patterns obtained after exposure to pure CO than those for reaction in just NO. Specifically, the total CO evolution generally decreases with increasing temperature, and the CO desorption is skewed to lower temperatures. Also, the total amount of CO appears to be slightly greater. The 650°C and 700°C runs are exceptions to this trend. However, the steady-state population of CO-evolving complexes depends on the dynamic (or kinetic) balance between the rates of CO complex formation and consumption via thermal desorption and reaction with NO. Both formation and consumption rate constants should increase with temperature, and the formation rate of CO complexes should be roughly proportional to CO concentration. It appears that over the temperature range examined, the relative rates at the lower temperatures are initially comparable, but eventually surface complex consumption becomes considerably larger at the higher temperatures. In the case of the pure NO runs, surface complex formation appears to always predominate with increasing temperature.
The corresponding nitrogen TPD spectra for all the NO/CO runs, presented in Figures 10-13 , behave similarly to those for just NO alone. That is, the total amount of nitrogen-evolving surface complexes increases with reaction temperature and increasing NO concentration. This is to be expected since CO is not envisioned to play a direct role in the evolution of N 2 in the product gases. These observations are consistent with direct adsorption of NO in an "N-down" position resulting in the surface complex, C(N). Under reaction conditions, these complexes can either recombine or react with NO [16] [17] [18] [19] to produce N 2 . Upon TPD, these complexes most likely recombine to release N 2 , without the involvement of oxygen surface species.
The preceding suggests a simple model involving two different types of surface complexes --those formed directly by CO, and those formed indirectly by NO. The former are presumably more labile carbonyl-type complexes, e.g., C(s)-CO, and the latter are probably more strongly bonded quinone structures, e.g., C(s)=O, where C(s) is an active surface carbon atom. For conditions under which there is very little C(s)-CO complex available (e.g., reaction in NO/He at higher temperatures), NO can be reduced on "empty" sites by dissociative chemisorption, and the oxidized carbon site can eventually desorb as CO; e.g.,
where C f is an empty active site. (It is noted that CO 2 is the major oxidized carbon product species at low temperatures for reaction in NO/He mixtures.) This is supported by the CO chemisorption results presented above which show that the population of C(s)-CO complexes increases with decreasing temperature. This behavior allows for the relatively small amount of product CO to form a sufficient population of C(s)-CO complexes, which can then reduce NO in accordance with the additional mechanistic steps outlined below.
In addition to the preceding mechanistic steps, CO appears to directly form a surface complex which can also reduce NO; i.e.,
in which the first step represents an equilibrium on a certain type of site that can be saturated Apparently, the total steady-state population of CO-evolving complexes is a complex function of the various rates of the formation and consumption steps involved, as well as the relative populations of the two types of complexes hypothesized.
Summary.
In summary, in the presence of additional CO, the CO evolution product following thermal desorption after steady-state reaction decreases with increasing reaction temperature. This is the reverse of the behavior observed for CO evolution following reaction in just NO. Following reaction in NO/CO mixtures, however, the total N 2 evolution continues to increase with temperature, just as was the case following reaction in just NO. These results are consistent with CO affecting the mechanism via an oxygen surface complex, such as C(CO), which can react with NO and produce CO 2 . This would also explain the significant increase in CO 2 as a product of the reaction when additional CO is present in the reactant gas.
PLANS FOR THE NEXT REPORTING PERIOD
During the next reporting period the packed bed reactor system will be used investigate the NO and NO/CO reactions systems over potassium-promoted resin char samples. These studies will include steady-state reaction rate measurements, as well as temperature programmed desorption studies. 
